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During the in vitro assay of nitrate reductase extracted from Pisum sativum, unusual kinetics of N02 accumulation 
were observed: in a 1O-m in assay nearly half of the total N02 appeared within 1 min of the start of the reaction. The 
rapid N02 accumulation occurring optimally at pH 8,3 was sensitive to KCN, length of enzyme pre-incubation time (in 
the absence of co-enzyme) and amount of N02 present, but was insensitive to low temperature. The amount of N02 
accumulated equalled the amount of N02 lost during the assay. 
Gedurende die in vitro proef van nitraat reduktase uittreksel van Pisum sativum is daar ongewone kinetika van N02 
akkumulasie waargeneem: in 'n proef van 1 0 min het byna die helfte van die totale N02 binne 1 min van aanvang van 
die reaksie verskyn. Die vinnige N02 ophoping was optimaal op pH 8,3, KCN-sensitief, en (in die afwesigheid van 
ko-ensiem) sensitief teenoor die ensiem pre-inkubasielengte en die hoeveelheid N02 aanwesig, maar onsensitief 
teenoor lae teniperatuur. Die hoeveelheid geakkumuleerde N02 was gelyk aan die hoeveelheid N02 verloor tydens 
die proef. 
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Introduction 
The rna jor nitrogen source for most higher plants growing 
under normal field conditions in fertile soil is nitrate 
(Nightingale 1937; Hewitt et al. 1976). The rate-limiting 
step in the assimilation of nitrate into organic nitrogen is 
the enzymic reduction of nitrate to nitrite by NADH nit-
rate reductase (NR) (Beevers & Hageman 1969). 
NR activity is measured by using either the in vitro or in 
vivo assay. Both methods utilize the quantification of pro-
duct (nitrite) accumulation as an estimate of enzyme ac-
tivity. Historically the loss of substrate (nitrate) has not 
been used, as the quantitative assays of nitrate are inac-
curate or insensitive. However the use of nitrite as a 
measure of NR activity assumes that all nitrate lost under 
suitable assay conditions would accumulate as nitrite. 
Soares (1985) showed that under optimal assay conditions 
more nitrate was lost than nitrite accumulated during both 
in vitro and in vivo assays. 
This study was initiated to investigate the loss of nitrate 
and accumulation of nitrite during the in vitro assay of pea 
leaf NR. Preliminary studies pointed to anomalous enzyme 
kinetics. This paper reports on these initial studies. 
Materials and Methods 
Plant material 
Newly expanded leaves of 10- to 14-day old Pisum sativum 
L, grown in vermiculite and irrigated with Long Ashton 
nutrient medium (Hewitt 1952), were used as a source of 
NR. The enzyme was induced by the addition of 10 mol 
m - 3 Ca(N03h to the plants 24 h before leaf removal. 
Enzyme extraction 
Leaves were washed in tap water and dried immediately after 
removal from the plant, then ground by mortar and pestle in a 
100-mol m - 3 phosphate buffer (pH 7 ,5) containing 1 mol m - 3 
EDTA (ratio of 2 g tissue 3 cm-3 buffer). The homogenate 
was squeezed through two layers of damp muslin cloth pre-
viously soaked with buffer and cleared by centrifugation at 
30 000 g for 15 min. The supernatant (3 cm3 2 g - 1 tissue) was 
loaded onto a 15 x 1,5 em Sephadex G-25 column pre-equi-
librated with extraction buffer and eluted with the same buf-
fer. The protein fraction ( 4 cm3 2 g - 1 tissue), eluted just after 
the void volume, was collected and diluted 1:1 with the buffer. 
All operations were carried out at 4°C. 
Assays 
The in vitro NR activity was assayed (pH 7,5; 27°C) ac-
cording to Lewis et al. (1982) except that Triton-X was 
omitted and the reaction was initiated with the addition of 
enzyme extract rather than NADH (unless otherwise sta-
ted). Reaction time zero was either 30 s after initiating the 
reaction (NR30) or else at time of initiation (NR0). The 
reaction was stopped by addition of an aliquot (usually 2 
cm3) of reaction medium to 2 cm3 of chloroform; this was 
rapidly mixed on a Vortex mixer and cleared by centrifuga-
tion at 1 000 g for 10 min. The water-soluble supernatant 
was used for nitrate and nitrite determinations. Boiled en-
zyme, which was found to contain no nitrite, was used in 
the blank. 
Nitrate content was determined using the salicylic acid 
method of Cataldo et al. (1975). Standard solutions were 
routinely prepared. Nitrite content was determined ac-
cording to Snell & Snell (1949) after oxidation of NADH 
by 25 nmoles N-methylphenazonium metasulphate (PMS; 
0,1 cm3) for 30 min in the dark. Standard curves containing 
NADH and PMS were routinely prepared. Protein con-
centration was determined according to Lowry et al. 
(1951). 
Experiments were repeated at least twice; assays were 
run in triplicate. The amount of nitrate present in each re-
plicate was determined three times. Standard techniques of 
statistical analyses and linear and geometric least squared 
regression fitting were used. 
Results 
Using the standard technique (N030 assay) of determining 
in vitro NR activity, pea leaves accumulated 1,58 nmoles 
N02 mg - 1 protein min -J at 30°C while the rate of nitrate 
loss was approximately 5 times greater under the same con-
ditions (Table 1). The 0 10 values of both nitrite accumula-
tion and nitrate loss appear to be close to 2, suggesting that 
the reactions are enzymatic and not chemical (Table 1). 
Time course studies (NR0 assay) were used to investigate 
the relationship between nitrate lost and nitrite accumula-
ted in the in vitro NR assay (Figures 1-3). While about 66 
nmoles N03 mg -J protein min - 1 were lost and 56 nmoles 
N02 mg- 1 accumulated (almost a 1:1 ratio) during the 10-
min assay (Figure 1) more N02 accumulated during the 
first min of the reaction than during the subsequent 9 min. 
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There is no apparent explanation for the discre~ancy be-
tween the amount of NO] lost (1,7 nmoles mg- protein) 
and N02 accumulated (33 nmoles mg -J protein) during the 
first 15 s of the reaction. In an attempt to resolve this pro-
blem an intensive study on the properties of this initial and 
rapid production of nitrite was conducted. 
Table 1 Nitrite accumulation and nitrate loss in nmole 
N02/N03 mg-1 protein min-1 during the in vitro NR30 
assay at 30°C and 20°C (reaction time = 15 min) 
Exp. 30°C 
Nitrite 1 1,34 ± 0,10 
Accumulation 2 1,41 ±0,07 
(A) 3 1,98 ±om 
Mean 1,58 
Nitrate 1 7,28 ± 1,65 
Loss 2 6,44 ± 1,20 
(B) 3 8,46 ± 0,83 
Mean 7,39 
B/A 4,76 ± 0,60 
0 5 
T IME (m1n ) 
20°C 
0,80 ± 0,02 
0,69 ± 0,03 
1,10 ± 0,14 
0,86 
3,87 ± 0,66 
3,53 ± 0,32 
4,25 ± 0,84 
3,92 
4,66 ± 0,69 
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Figure 1 Nitrate loss (• - . , r = 0,96) and nitrite accumulation (e - e) 
during the in vitro NR0 assay (bar = ± standard deviation , n = 3). 
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Figure 2 Specific NR activity with time as measured by the accumula-
tion of nitrite during the in vitro NR0 assay (insert: NR activity during 
the first minute of reaction) (3 separate experiments D 0 f:,, r = 
0,98). 
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This accumulation of N02 during the in vitro assay, 
which is not maintained and is accompanied by a rapid 
change in the specific activity, is reproducible (Figure 2) . 
This also occurs when the reaction is initiated with NADH 
instead of enzyme extract (Figure 3). 
The question asked was if this initial production of nitrite 
is enzymatic. The specific activities during the first minute 
of the NR0 reaction at 30°C and 4°C were statistically si-
milar (Figure 4) . However, after 15 min at 30°C and 4°C 
the activity was significantly different (3 ,3 and 1,2 nmoles 
N02 mg- 1 protein min-1 respectively). Cyanide, a potent 
inhibitor of NR activity (Beevers & Hageman 1980) signifi-
cantly decreased the initial nitrite accumulating properties 
of NR0 reaction (Figure 5) . The product of the reaction 
(nitrite) increased the amount of nitrite accumulated (i.e. 
increased specific activity) during the first 10 s of the NR0 
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Figure 3 Specific NR activity with time as measured by the accumula-
tion of nitrite during the in vitro NR0 assay initiated with NADH 
(insert: NR activity during the first minute of reaction) (bar = ± 
standard deviation , n = 3, r = 0,99) . 
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Figure 4 Effect of temperature on the specific NR activity with time as 
measured by the accumulation of nitrite during the in vitro NR0 assay 
(mean values of 3 experiments; 0- 0 30°C, r = 0,99; D- D 4°C, r 
= 0,99; Student's t-value = 0,0691 , no significant difference between 
treatments at P = 0,05. At 15 min, * -Student's t-value = -4,41, 
treatments significantly different at P = 0,005; bar = ± standard 
deviation, n = 3). 
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Figure 5 Effect of 1 mol m -3 KCN on the specific NR activity with 
time as measured by the accumulation of nitrite during the in vitro 
NRo assay (insert: NR activity during the first minute of reaction) 
(D-D + KCN, r = 0,95; .-., r = -D,98; bar = ± standard deviation, 
n = 3). 
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Figure 6 Effect of the addition of KN02 to the reaction medium on 
the specific NR activity at 10 s, as measured by the accumulation of 
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Figure 7 Effect of duration of pre-incubation of the enzyme extract in 
the reaction mixture (minus NADH) on the specific NR activity as 
measured by the accumulation of nitrite during the first 10 s of the in 
vitro NRo assay (reaction initiated with NADH, bar = ± standard 
deviation, n = 3). 
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enzyme in the reaction mixture (minus NADH) increased 
the specific activity of the reaction when measured 10 s 
after the initiation with NADH (Figure 7). 
In an attempt to determine the amount of active enzyme 
present in the reaction and the optimal pH of the reaction, 
the effect of pH on enzyme activity was investigated. The 
maximum activity was observed at pH 8,3; observed pK 
values (at 50% of maximum activity) equal 7,57 and 8,99 
(Figure 8). To determine the amount of active enzyme pre-
sent from the true pK values, the method of Alberty & 
Massey (1954) was used. 
p = 2,69 X 10-8 (antilog -7,57) and q = 1,02 X 10-9 (anti-
log -8,99) 
then pq = 2,74 X 10- 17 
and p + q = 2,79 X 10-8 
Then Kl = (p+q) - 4yPq 
= 0,70 X 10-8 
K2 = pq/Kl 
= 3,91 X 10-9 
and F = Kl I (K2 + 2Y(KJK2) 
= 0,49 
Therefore pKl = 8,15 (-log KJ), pK2 = 8,40 (-log K2) and 
no more than 49% (F x 1(0) of the active enzyme potential 
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Figure 8 Effect of pH on the specific NR activity as measured by the 
accumulation of nitrite during the first 10 s of the in vitro NRo assay 
(100 mol m -3 phosphate buffer, final concentration; bar = ± 
standard deviation, n = 3). 
Discussion 
It is a well-known phenomenon that plant NR is unstable 
both in vitro (Schrader et al. 1974; Dusky & Galitz 1977; 
Jones & Mhuimhneanchain 1985) and in vivo (Oaks et al. 
1972). This instability may be due to phenolics and/or pro-
teolytic enzymes (Stulen et al. 1971; Wallace, 1973; Kaiser 
& Lewis, 1984; Schrader et al. 1974), NR-binding inac-
tivators or inhibitors (Loomis & Battaile 1966; Yamaya & 
Ohira 1977) and/or dissociation of the enzyme (Jones & 
Mhuimhneachain 1985). In vitro stability can be improved 
by the addition of bovine serum albumin (BSA) or casein 
(Schrader et al. 1974), phenylmethylsulphonyl fluoride 
(Wallace 1973), enzyme cofactors (Kuo et al. 1982), sul-
phydryl protectants (Jones & Mhuimhneachain 1985), and/ 
or polyvinyl pyrrolidone (PVP) (Purvis et al. 1976) . 
Sulphydryl protectants (2-mercaptoethanol and dithio-
threitol) were omitted from the extraction buffer as these 
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compounds cause interference with the colorimetric assay 
for nitrite (Aryan et al. 1984). The addition of casein or 
BSA was deemed unnecessary (Campbell 1978) . To re-
move most of the phenols and inactivators and possibly 
some of the pro teases , the enzyme extract , after centrifuga-
tion, was therefore passed through Sephadex G-25 . 
NR activities of crude extracts from maize (Redinbaugh 
& Campbell 1981), squash (Campbell & Smarrelli 1978) 
and barley (Heimer et al. 1976) are 11, 11 and 4,5 nmoles 
N.02 mg- 1 protein min- 1 respectively. With the accumula-
tion of nitrite as a measure of NR activity pea leaves 
showed a lower activity, while with the amount of nitrate 
lost as a measure they showed a similar activity to these 
species (NR30 assay). Disparity between nitrate Joss and 
nitrite accumulation has also been reported for the in vivo 
NR assay (Soares et al. 1985). If the nitrite produced during 
the initial 30 s of the reaction is included in the calculations, 
the total amount of nitrite accumulated equals the total 
amount of nitrate lost. 
In an attempt to elucidate this discrepancy, time course 
experiments were conducted . During the first minute of 
the in vitro reaction an extraordinary amount of nitrite ac-
cumulated; this rate was not maintained and resulted in a 
rapid change in the specific activity. This rapid loss in the 
specific activity of pea NR as measured by nitrite accumu-
lation may be due to a number of factors. Although no evi-
dence is available, some possibilities are: a rapid inactivia-
tion and/or instability of the NR enzyme complex, a change 
in the stoichiometry of the enzyme reaction , or an addi-
tional enzymic or non-enzymic metabolism of nitrite. 
The initial rapid accumulation of nitrite occurs whether 
the reaction is initiated with enzyme extract or NADH. 
The phenomenon could be due to a rapid release of a pre-
existing pool of nitrite bound to the enzyme. However , de-
natured enzyme extract contained no nitrite. Also, if the 
rapid appearance of nitrite in the reaction mixture was due 
to the release of a bound form of nitrite from the enzyme , 
the addition of high concentration of nitrite to the reaction 
medium is likely to decrease the amount of nitrite released . 
Nitrite added to the reaction mixture had an opposite effect 
of increasing the specific activity of NR during the first 10 s 
of the reaction. The initial rapid accumulation of nitrite is 
sensitive to CN- , potent inhibitor of the NR complex 
(Beevers & Hageman 1980) . These results strongly suggest 
that the rapid accumulation of nitrate is due to an enzymic 
reaction. Contrary to expectation , the initial rate of nitrite 
accumulation appeared to be low temperature insensitive. 
If this initial nitrite production is due to the action of NR 
then the sharp decline in the specific activity may be due to 
inactivation and/or instability of the enzyme. The NR half-
life is usually greater than 15 min (Kuo et al. 1982; Jones & 
Mhuimhneachain 1985) and it would be unlikely that such 
rapid inactivation or deterioration could account for the 
drop in the specific activity noted here . 
Of the amount of active enzyme present in the assay 
medium only 49% of its activity is realized during the first 
10 s of the reaction. The pH optimum appears to be close to 
8,3 . Reported NR pH optima are close to 7,5 for higher 
plants (Campbell 1976; Jolly et al. 1976; Sherrard & Dal-
ling 1979; Kuo et al. 1980), 8,8 for a cell-free extract of 
wheat (Jones & Mhuimhneachain 1985) and 7 to 8,5 for 
potato leaf NR (Kapoor & Li 1982). NR appears to be 
more stable at pH 8,5 (Kuo et al. 1982). The calculated pK 
values of 8,15 and 8,4 suggest that the possible ionizable 
groups of NR protein may be <X-amino groups or sulphydryl 
groups. Jones & Mhuimhneachain (1985) suggest active 
sulphydryl groups of wheat NR. The interpretation of the 
pK values should be viewed with caution as many factors 
may influence the values (Engel 1981). 
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While the results presented here show that the initial 
production on nitrite by NR is enzymatic and non-linear , a 
number of questions remain unresolved . The validity of the 
rapid accumulation of nitrite warrants further investiga-
tion . The use of a purified form of the enzyme may shed 
additional information on this anomalous behaviour of pea 
NR. Such research is at present being undertaken and will 
be reported in the future . 
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